This manuscript describes an experiment study on the local flow and bed variation around different types of spur dykes in sediment mixtures. The permeable spur dyke, impermeable spur dyke and three kinds of hybrid spur dykes are investigated under non-submerged clear-water scour conditions. The local scour and wake deposition properties and the characteristics of the sediment size distribution due to the differences in the type of the spur dykes are focused on. In general, both the flow structure and the bed properties around a hybrid spur dyke are a combined one of that of a permeable and an impermeable spur dykes. Sand ribbons are observed in the downstream of spur dykes, mainly caused by the sediment sorting in the transverse direction. Desirable flow patterns and bed properties may be achieved by taking full advantages of those of a permeable and an impermeable spur dykes.
Introduction
Schemes to restore aquatic habitats in alluvial rivers usually involve the installation of instream structures such as spur dykes to enhance channel diversities in terms of flow patterns, bed topographies and substrate compositions. The diversities posed by these hydraulic and morphological settings play essential roles in the life cycles of many aquatic species such as fishes and macroinvertebrates, and are recognized as important estimates of riverine habitat suitability 1) -5) . Over the past several decades, spur dykes have been known to be the most successful stream restoration measures and have been achieved a wide spread use all over the world. A spur dyke is generally a man-made structure protruding to a water course. The presence of the spur dyke, representing a disturbance to a river channel, largely increases local flow complexities, promotes pool-riffle morphological sequences and triggers sediment sorting. An understanding on these resultant phenomena is important prior to the spur dyke design and any implementation action.
In the design process of a spur dyke, there are a lot of parameters to be considered, for example, the length (or the contraction ratio), the height (or the over-topping ratio), the orientation (or the deflector angle), the planview (e.g. the head shape or the side slope) and the permeability of spur dykes. In order to clarify the roles which these parameters exactly play, scholars and engineers have conducted a tremendous amount of research work with methods including laboratory experiments, theoretical analyses, numerical simulations and/or field surveys 5) -11) . An intensive review was given by Zhang and Nakagawa (2008) covering most of the early and influential works related to spur dykes 12) . Irrespective of the details in geometries and layouts, it has been found that impermeable spur dykes are relatively active structures and that permeable spur dykes (or termed as pile dykes) are relatively passive ones concerning their controls on the flow. Impermeable spur dykes have great impacts on the local flow structures. The flow velocity is altered in both its direction and its magnitude, resulting in significant toe scouring and corresponding wake deposition. The flow in the scour hole is generally characterized by complex 3D vortex systems. Permeable spur dykes also reduce the velocity of the flow passing through them and affect the direction of the flow, but the influences are much smaller compared with those of the impermeable spur dykes. In general, local scour occurs at both the toe and the body of permeable spur dykes. The flow separation occurs around the head of either impermeable spur dykes or permeable spur dykes, although the separation angle is much larger in the former case. The flow separation results in similar bed deformation at the toes of both types of spur dykes. Moreover, relatively wake flow zones exist in both impermeable and permeable spur dykes and sediment deposition is observed in the downstream of either type of spur dyke. After examining the flow structure and the bed deformation around various impermeable and permeable spur dykes, Zhang and Nakagawa (2009) argued that there might be a way to achieve a balance between the river environment and the disaster mitigation by suitably combining impermeable spur dykes and permeable spur dykes 13) . This argument has been partially confirmed by research results on the typical flow structure around a top-impermeable and bottom-permeable spur dyke 14) . Unfortunately, evidences from the viewpoint of the bed characteristics are not available yet. In this study, impermeable and permeable spur dykes are combined in different ways and the hydraulic and morphological consequences of the resulted new types of spur dykes in mixed sediment beds are investigated with laboratory experiments.
Experiment setup
A series of experiments are performed in a straight tilting flume at the Ujigawa Open Laboratory, Disaster Prevention Research Institute, Kyoto University (Japan). The flume is 8m in length, 40cm in width and 40cm in depth, with a 1.5m-long inlet tank attached upstream (Fig.1) . The flume has a re-circulating water supply system. A soft and permeable pad is installed near the junction of the inlet tank and the flume to inhibit flow concentrations and to minimize the wavy surface. A sediment recess is located 4m downstream from the inlet tank. It is 1.7m long and is covered with 20cm-thick model sediment: silica sand, forming a movable bed. The upstream and downstream parts of the sediment recess are fixed with 20cm-thick wooden boards. A 50cm-long sediment trap is set at the end of the flume, followed by a tailgate. A model spur dyke is installed on the right side of the flume in the movable bed area. The spur dyke is perpendicular to the flume side and remains non-submerged throughout the experiments. Five types of spur dykes are adopted in the experiments as shown in Fig.2 . Type 1 is a permeable spur dyke and Type 5 is an impermeable spur dyke. Hybrid structures of permeable and impermeable spur dykes are arranged in Types 2-4. In Type 2, the upper part is impermeable and the lower part is permeable, which is similar to a Bandal structure tested in the authors' previous work 14) . In Type 3, the root part is impermeable and the front part is permeable, while in Type 4, the arrangement is reversed.
Three kinds of bed sediment are used in the experiments. The sediment in each case has a mean diameter of around 1.00mm but varies a lot in the distribution curve as shown in Fig.3 . Several important parameters related to the sediment particles at the initial beds are listed in Table 1 . Based on the table, the experiments with different sediment beds are termed Case U (for uniform case), Case G (for gap-graded case) and Case W (for well-graded case), respectively. 
Experiment procedure
The hydraulic conditions before the installation of the spur dyke are shown in Table 2 . The shear velocity ratio u * /u *c , indicating the particle mobility, is around 0.83, slightly varying from case to case. Therefore, all the experiments in the current study fall in clear water scour regimes.
In total, 15 experiments have been conducted. The experiments are labeled based on the type of the sediment bed and the type of the spur dyke. For example, Case U1 means the experiment of a pile dyke on a uniform sediment bed. Each experiment starts from the preparation of the sediment bed. The sediment is well mixed and filled in the sediment recess to form the movable bed. Before each run of the experiment, the sediment bed surface is levelled with a scraper blade attached to a sliding metal carriage positioned on the rails over both sides of the flume. Then, the flume is slowly filled with water from the downstream using a plastic hose with a valve mounted on it to adjust discharge. When the desired water depth is achieved by adjusting the height of the tailgate at the end of the flume, the pump is activated and set to the desired discharge. In general, each experiment is carried out for 3 hours. At this stage, sediment transport becomes inactive, the variation of the bed topography is insignificant and the changing process of the bed surface composition in non-uniform beds is almost undetectable to the naked eye.
After the completion of each experiment, the water is slowly drained out with much care not to disturb the bed configurations. Then the bed level is measured with a high-resolution laser displacement meter (Model LK-500, Keyence, Co., Ltd.). For cases of non-uniform sediment, changes of the bed materials composition at the surface layer are measured by taking samples in the proximity of the spur dyke with a special sampling spoon. The sampling depth is approximately 2.86mm, corresponding to the D 90 of the coarsest silica sand No. 2 used in the experiments. After being completely dried, the sediment samples are analyzed with a nested column of sieves, along with a high-resolution balance scale (UW220H, Shimadzu, Co., Ltd.). Since the local scour and deposition patterns around any specific spur dyke in different sediment beds are quite similar, the flow field is measured for the experiments of Case W only. Before the measurements of the flow field are taken, the deformed bed is moulded with instant cement after the flume has been completely drained. Afterwards, water is pumped into the flume and the same flow discharge is applied to the channel. PVC (Polyvinyl chloride) tracers are distributed in the flume and videos are recorded for PIV (Particle image velocimetry) analysis of the surface velocity. In the water column, the velocity fields in several transverse and longitudinal sections are recorded with an EMV (Electromagnetic velocimetry, Model ACM250-A, JFE Alec Co., Ltd.). The EMV has an L-type probe, which can measure the velocity components both in the horizontal plane and along the vertical direction.
Results and discussions

Bed level variation around spur dyke
The change of the bed level from the initial flatbed to the final stage in the vicinity of each spur dyke is shown in Fig. 4 . It is evident from the figure that the bed configuration around each structure generally follows the typical scour-deposition morphology around a spur dyke 15) -17) , despite of the differences in spur dyke types and sediment non-uniformities. However, the morphological details such as the maximum scour depth, the volume of the local scour hole and the wake zone deposition differ from case to case. For a more quantitative analysis, these governing parameters representing the bed characteristics are extracted and listed in Tables 3, 4 and 5.
The maximum scour depth, or termed as the residual pool depth sometimes, in each case is shown in Table 3 . The maximum scour depth increases from Type 1 to Type 5 on the same sediment bed according to Table 3 . An impermeable spur dyke results in the most severe local scour, while a pile dyke records a minimum scour depth. As is known, in case of an impermeable spur dyke, a strong half horse-shoe vortex system around the toe of the dyke is mainly responsible for the expanding of the scour hole. Whereas, in case of a pile dyke, the half horse-shoe vortex at the toe becomes relatively weak as a part of the flow passes through the spacing between the piles consisting of the dyke and the compressed horse-shoe vortex system around each pile plays an important role in the development of the local scour hole. Therefore, the local scour around a hybrid spur dyke strongly depends on the strengths of the half horse-shoe vortex and the compressed horse-shoe vortex. Keeping it in mind, it is not difficult to understand why the maximum scour depth increases from Type 1 to Type 5.
For a specific type of spur dyke, the local scour depth on a uniform bed is much larger than that on a non-uniform bed I_492 according to Table 3 . It is mainly due to the local sediment sorting and the formation of an armor layer in the scour hole surface 17) . However, the scour hole on a well-graded bed is not always larger or smaller than that on a gap-graded bed. The scour geometry also deserves special attention. According to , the half horse-shoe vortex generally results in a local scour which has a conical shape in the upstream and becomes elongated in the downstream with a relatively mild slope 10) . On the other hand, the compressed horse-shoe vortices around the pile group usually leads a valley-shaped scour hole with a steep slope in the upstream and a mild one in the downstream. When the spur dyke is a hybrid one, the local scour hole geometry also shows a hybrid characteristic according to Fig.4 . The resultant scour geometry is strongly related to the combination method. Therefore, it is expected that the geometry of the scour hole may be controlled to some extent by carefully selecting the combination method for the hybrid spur dyke.
The volume of the scour hole in each case, as an important indicator for habitat suitability, is shown in Table 4 . In general, the scour volume is much larger in uniform sediment bed compared with that in a non-uniform one for a specific type of spur dyke. And it is consistent with the observation from the maximum scour depth. Nevertheless, Tables 3 and 4 also demonstrate that a deeper scour does not always correspond to a larger volume of scour. In particular, the structure of Type 2 (i.e. Bandal-like structure) seems a bit different from other cases. It is noted that the scour volume generally increases from Type 1 to Type 5, with the exception of Type 2. Moreover, comparing Case G series with Case W series, it is found that a larger volume of sediment will be eroded around a spur dyke in sediment mixtures with a wider range of particle sizes. In other words, a gap-graded sediment bed is more hardly to be eroded compared with a well-graded or a uniformly graded one. The wake deposition adjacent to the scour hole is also of great importance for the examination of the performance of a spur dyke. In Table 5 , the maximum deposition depth behind different type of spur dyke is listed. It is found that the deposition height behind an impermeable spur dyke will be larger than that behind a pile dyke irrespective of the type of the sediment bed. However, when the two types of structures are combined, the distribution pattern of the maximum deposition depth becomes somewhat random compared with that of the maximum scour depth. The complexity of the local flow structure should be responsible for this phenomenon. Nevertheless, it is interesting to find that the deposition height behind Type 2 structure always ranks in the top group amongst all tested structures.
Grain size variation around spur dyke
As is known, the composition of the substrate plays a crucial role in the life cycle of many aquatic species. An understanding on the bed sediment properties is hence necessary. In this study, the spatial variation of the grain size distributions in the bed surface around different types of spur dykes is investigated.
Different from the down-valley fining in natural alluvial rivers, the grain size distribution is rather complex in the vicinity of a spur dyke. In general, the bed surface is soundly coarsened, but an overlay of relatively fine sediment strips on relatively coarse sediment textures, termed as sand ribbons, appears at the downstream of the spur dyke according to previous research 17) . During the experiments, the locations of sand ribbons which are evidently distinguishable with the naked eyes are memorized and additional sediment samples within the ribbons are taken for analysis.
The dimensionless grain size distributions in each non-uniform case are plotted in Fig.5, i .e. Case G and Case W series. In this figure, the scatters represent the ratios of the mean grain sizes of the scoured bed to the initial flatbed based on regular sampling points. The belt area shows the ratios of the mean grain sizes of the scoured bed to the initial flatbed in the regions of sand ribbons according to ad hoc sampling points. The bed elevations are also sketched in lines as background images for reference. 
For clarity, the vicinity of the spur dyke is sub-divided qualitatively into an approach flow zone, the local scour zone, the mainstream zone and the wake zone behind the spur dyke. In general, the approach flow zone is slightly coarsened according to the mean grain sizes at regular sampling points. But sediment samples finer than the initial flatbed are also observed at certain places, especially in Case W series (e.g. Cases W1, W2 and W3) which possess a relatively larger σ g or D 90 . Zhang et al. (2012) has reported similar phenomenon in experiments with an impermeable spur dykes installed in various sediment beds 17) . Since the bed shear stress in this area is greater than the critical shear stress of some of the fractions consisting of the sediment mixtures, the bed is generally coarsened. On the other hand, in case of sediment beds with relatively large σ g or D 90 , fine sediment may be trapped in the voids of coarse particles and is not directly exposed to the flow. As a result, the ratio of fine sediment may increase in some particular locations. In the local scour hole, the sediment is significantly coarsened, particularly in the vicinity of the toe of the structure. However, fine sediment is also detectable in the upper part of the scour surface in some particular cases, for instances, Case G5 and Case W2. This fine sediment is part of the sediment that is uplifted by the vortex system in the scour hole and is trapped at a relatively higher position within the scour hole. The deposited fine sediment may become a part of the sand ribbons to be discussed later. In the mainstream zone close to the left side of the flume, the bed experiences significant coarsening due to the acceleration of the flow. In certain places, fine sediment is still visible. The reason is considered to be the same as that in the approach flow area, i.e. the sheltering effects of the coarse sediment. Away from the left side of the flume, the mainstream zone exchanges with the wake zone and the grain sizes are much diverse. In general, alternating distribution of coarse and fine sediment particles is evident in the transverse direction. The mean grain size of the coarse sediment is larger than that in the initial flatbed (coarsening), while that of the fine sediment is smaller than that in the initial flatbed (fining). As has been mentioned before, the fine sediment regions are termed sand ribbons in this research.
The sand ribbons extend to some distances towards downstream in the longitudinal direction. The locations of sand ribbons are closely related to the bed configurations. In general, there are two ribbons in the downstream of the spur dyke. One is located between the right side of the flume and the ridge of the deposition area. If the ridge exhibits sudden and profound changes, this ribbon may be divided into two. The other one is located along the rim of the scour area in the transition area between the mainstream and the wake. This ribbon may expand to the upstream half of the scour hole if a rim forms in the scour hole due to the uphill transport of sediment by the half horse-shoe vortex and the local avalanches of the bed materials. This ribbon may also disappear if the rim between the mainstream and the wake becomes insignificant. In case of the pile dyke (Type 1), only the ribbon near the side of the flume is visible. Whereas, both ribbons are visible in case of the impermeable spur dyke (Type 5). In the hybrid cases, one, two or three ribbons are recognizable depending on the resultant bed geometries. The formation of the ribbons is a direct result of sediment sorting processes in the lateral direction triggered by secondary flows. The ribbons occur at places where bed topography exhibits sudden changes. The changes in the bed topography promote the development of secondary flows, as will be discussed in the following section regarding the velocity field.
Velocity field around spur dyke
The bed deformation characteristics are closely related to the flow field in the proximity of the spur dykes. In this part, the surface flow structure and the velocity profiles in Case W series at typical transverse and longitudinal cross sections are analyzed and their implications on sediment transport are discussed as well.
The streamlines on the water surface of the scoured bed resulted from the PIV measurements are shown in Fig.6 . Velocity reduction and deflection are evidently observed in each case in the vicinity of each structure, although the affected area differs from case to case. In the pile dyke case (Type 1), the flow is slightly deflected towards the mainstream by the dyke in the vicinity of dyke. There is no large-scale vortex system on the water surface. Whereas, the flow is blocked by the impermeable spur dyke (Type 5) and significant changes occur in the flow pattern. A circulation flow is observed in the upstream side of the dyke and a radiation flow (or a fan-shaped flow) is observed in the wake zone. Both are important components of the large-scale 3D vortices near the spur dyke 16) . Moreover, the area of the low velocity zone is the largest in Type 5 and the smallest in Type 1. The streamlines in cases of Type 3 and Type 4 are a hybrid type of those of Type 1 and Type 5. Depending on the location of the piles, the radiation flow loses its identity to some extent. It is noted that Type 2 deserves special attention, the streamlines of which are much closer to those of Type 5. Both circulation and radiation flows are visible in this case. However, the circulation flow is not so well developed as that in Type 5 and the radiation center is much closer to the spur dyke compared with the structure of Type5. It is believed that the geometry of the local scour hole also plays an important role in the flow pattern around the structure apart from the physical appearance of the structure itself. As the local scour area behind the dyke in Type 2 is much smaller than that of Type 5 and the vortices are confined in the scour area, the components of the vortices on the water surface locate nearer to the spur dyke in Type 2.
In Fig.7 , velocity profiles at several transverse cross-sections are shown, normalized by the approach flow velocity. 
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In Fig.7 , Section A is located just upstream of the spur dyke (x/L=-0.3), Section B is the immediately downstream of the spur dyke (x/L=0.5) and Section C is a bit away from the spur dyke (x/L=5.0), as depicted in Fig.1 . The flow separation (i.e. the strong transverse velocity component) at the toe of the spur dyke is evident in each case according to the results of Section A. A component of the half horse-shoe vortex is also visible in Types 3-5. Behind the spur dyke (Section B), the flow structure is much sophisticated and flow circulation is observed in most cases. In general, circulation is not easily formed behind a group of piles. The flow structure in Section C gives an explanation on the formation of sand ribbons. The change in the direction of the transverse velocity component is generally observed in the vicinity of the ridges of the bed. As a result, fine sediment carried by the transverse flow component intends to accumulate in the vicinity of ridges of the bed.
The velocity profiles along two typical longitudinal cross-sections are depicted in Fig.8 , normalized by the approach flow velocity. In the figures, Section D is located near the right side of the flume (y/L=0.3), except for Type 5, in which y/L=0.5. Section E is located near the toe of the spur dyke (y/L=0.7), except for Type 5 where y/L=1.5. As the flow structures are somewhat similar within in the range of y/L<1.0 in Type 5, velocity profiles are shown at different cross-sections from those in other types . In Fig.8 , the down flow is observed in each case just upstream of the spur dyke. If the scour hole is large enough, a circulation cell appears. In the wake zone, circulating flow is observed behind the impermeable part of a spur dyke only. The wake of the piles is not favorable for the development of vortices due to flow passing through the spacing between consecutive piles.
Conclusions
This paper presents an experimental study on the bed variation characteristics and the corresponding flow structure around different types of spur dykes in sediment mixtures. Impermeable and permeable spur dykes are combined in various ways and their hydro-morphological implications are investigated.
It is found that the types of the spur dykes exert influence on the local scour and wake deposition properties and the variation of sediment mean diameters. Sand ribbons are observed in the downstream of the spur dyke in cases of sediment mixtures, mainly caused by the sediment sorting process in the transverse direction. In general, both the flow structure and the bed properties around a hybrid spur dyke are a combined one of that of a pile dyke and an impermeable spur dyke. Therefore, desirable flow patterns and bed properties may be achieved by taking full advantages of those of the two kinds of spur dykes.
The top-blocked and bottom-open spur dyke, also known as Bandal-like structure sometimes, shows much interesting hydro-morphological functions compared with other types of hybrid spur dykes. The Bandal-like structure seems to result in a large volume of local scour but with a relatively small scour depth. Corresponding to the large scour area, it also performs well in promoting wake deposition. The large volume of scour hole provides desirable pool habitat for aquatic species and has a potential implication in the enhancement of river ecology. The small magnitude in the scour depth is of great meaning for the safety of the structure itself and may also possibly reduce the construction and maintenance cost due to the toe protection. Deposition in the wake zone is a promising method to protect the channel bank from erosion and is also an effective way to create new lands. In view of these facts, the application of Bandal-like structures may provide a promising solution for the management of many rivers where various concerns related to environment, ecology, safety, economy, agriculture and land use are involved. On the other hand, reliable prediction and assessment tools for the performance of Bandal-like structures and other types of spur dykes are to be explored, which are the ongoing research of the authors.
